Abstract: To achieve high removal rate and low electrode wear when roughing by the sinking electrical discharge machining process (EDM), appropriate average surface power density is required in the gap between the workpiece and the electrode. Since machining surface varies with the depth of machining, the rough machining parameters have to be selected on-line to obtain appropriate average surface power density in the gap. In this paper, a system for on-line selection of the machining parameters according to the given machining surface is presented. The selection of the machining parameters is based on the acquisition of only one process attribute, i.e. the percentage of short-circuit discharges, which is significant improvement comparing to known systems.
Introduction
Sinking electrical discharge machining (EDM) and wire electrical discharge machining (WEDM) are the most commonly used technologies in tool production. EDM is a relatively slow machining process and it usually requires an electrode that is made specially for machining of a given product. The shape of the electrode is mapped into the shape of the cavity in the tool. The advantage of EDM is the ability to produce small, even micro features. The EDM process is used mostly for making moulds, whereas WEDM is used for precise contour cutting. The electrode in WEDM is a wire and its trajectory defines the contour of the cut.
Nowadays, research on the EDM process is mainly focused on micro machining and improving surface roughness (Tsai and Wang, 2001 ). However, there are still attempts to improve the EDM process by tuning a vast variety of machining parameters for optimal machining (Junkar and ValentincÏ icÏ , 1999) . Most of the EDM machine producers on the world market have solved the problem of the gap contamination by employing various monitoring systems, different flushing methods and anti-arc systems, but only a few of them have solved the problem of controlling the rough machining parameters when the machining surface varies during the machining.
In the case of roughing, when the quality of the surface can be neglected, it is necessary to obtain the optimal average electric power (further referred to as optimal power) in the gap between the electrode and the workpiece to achieve the highest material removal rate. The average electric power (further referred to as power) in the gap is determined by the machining parameters that are set on the EDM machine. Power density per surface area depends on the eroding surface size (Figure 1 ), which is a projection of the machining surface, i.e. the surface between the workpiece and the electrode, to the plane perpendicular to the machining direction (ValentincÏ icÏ , 2003) .
Many approaches have been described in the literature and patented on the EDM and WEDM processes for online selection of the rough machining parameters. The systems based on the capacitance or the conductivity of the gap (Kyoshi, 1982) are very sensitive to the contamination of the gap between the workpiece and the electrode. However, the main drawback is that both capacitance and conductivity reflect the size of the machining surface and not the size of the eroding surface. Figure 1 The eroding surface is a projection of the machining surface of the electrode to the plane perpendicular to the machining direction
The eroding surface size can be determined by considering the machining parameters and the progress of the electrode into the workpiece. The machining parameters define the discharge energy and thus the material removal rate. The larger the eroding surfaces, the slower the progress of the electrode into the workpiece, and vice versa. Empirical models of the WEDM process applied to determine the eroding surface size according to the material removal rate and the progress of the electrode (Obara, 1985) have a long reaction time to the variation of the eroding surface size. This is a drawback, especially when the thickness of the workpiece does not vary gradually, i.e. when the eroding surface size increases or decreases in steps. Better results were achieved with analytical (Rajurkar et al., 1994 (Rajurkar et al., , 1997 and non-parametric models (Liao et al., 2002) . Empirical models were also built on the EDM process (Dehmer, 1992) . A long reaction time to the eroding surface size variations is not as crucial in the EDM process as it is in the case of the WEDM process where wire breakage can occur. According to the results presented in the literature, analytical and non-parametric models achieve the best performance in determining the eroding surface size. In this paper, a different approach is presented. According to our previous research (ValentincÏ icÏ et al., in press) , the voltage and current signals in the gap give enough information to select online the appropriate set of machining parameters for the current machining surface. It was found that the percentage of short-circuit discharges calculated on the voltage and current signals in the gap provide enough information to determine the appropriate set of machining parameters, which produces the optimal surface power in the gap. Thus, the algorithm for selection of the appropriate set of machining parameters was built. The input of the algorithm is only the percentage of short-circuit discharges.
Process description
To gain information on the process performances during the machining, the machining process has to be monitored online. Most often, the voltage signal in the gap is used to monitor the process. The discharges can be identified on the voltage signal and basically four types of discharges are distinguished (CIRP, 1979) . Many classification systems were presented in the literature (Tarng et al., 1977) . In our case, five discharge types are distinguished (Figure 2 ). Free discharges (A) are voltage pulses without the discharge in the gap (the current equals 0). Normal discharges (B) are the most desirable since they achieve the highest material removal rate at the least electrode wear. Stationary-located arc discharges (C1) reflect high contamination of the gap with the removed particles and are undesirable as they damage the workpiece surface. The interrupted-arcs (C2) appear when the machine controller interrupts the electric current in the gap to prevent damaging of the workpiece surface due to the high percentage of arc (C1) discharges. Short-circuit (D) discharges appear in the case of no current resistance in the gap and cause high electrode wear. Arc, interrupted-arc and short-circuit discharges are treated as harmful discharges, since they increase the electrode wear and decrease the material removal rate (Garbajs, 1985) . The EDM process stability is measured by the portion of harmful discharges in the gap between the workpiece and the electrode. The process is more stable in the case of the lower portion of harmful discharges. If using the appropriate reference voltage for the servo system is assumed, there are two causes for an unstable EDM process; namely gap contamination with discharge products, and too high power in the gap for the given eroding surface size. The latter is the topic of the present research.
The power in the gap is defined by the equation:
where u is the average voltage in the gap and i is the average current in the gap over several hundreds of discharges. The material removal rate and the surface roughness increase with increased power in the gap. When rough machining is performed, the material removal rate should be as high as possible, while the achieved surface roughness is not important. The highest material removal rate is achieved in the case of the highest power in the gap at which the machining process is still stable. This is the optimal power in the gap for roughing. The power in the gap depends on the machining parameters set on the machine and they should be tuned to the eroding surface size to obtain the optimal power density per surface area in the gap (Rajurkar et al., 1997; ValentincÏ icÏ , 2003) . The optimal power in the gap P opt is calculated by the equation
where p b is the boundary average surface power density (further referred as boundary power density) which was measured on our EDM machine (ValentincÏ icÏ , 2003) and A is the eroding surface size. The boundary power density is the power density at which the machining process is on the edge of stability. Increasing the average surface power density (further referred as power density) p beyond the boundary power density p b causes the machining process to become unstable, and thus gives a lower material removal rate and higher electrode wear (Figure 3) . A stable EDM process is achieved when the power density p is less than 4 W/mm 2 . At constant eroding surface size denoted A 1 , the material removal rate increases by increasing the surface current density until the boundary power density is reached. Higher power density leads to an unstable machining process and the material removal rate decreases. When a greater eroding surface is employed (A 2 ), the higher power is needed to reach the boundary power density; thus the material removal rate is higher compared to the material removal rate at a smaller eroding surface (A 1 ).
However, in the literature, the boundary average surface current density is given rather than the boundary average surface power density and it is stated that a stable EDM process is achieved when the average surface current density is less than 0.1 A/mm 2 (Kruth et al., 1992) . The explanation is the following. The voltage and current in the gap define the electric power in the gap (Equation (1)). Since the discharge voltage is nearly constant at all machining parameters, the power in the gap depends only on the setting of the discharge current in the gap. Note that during the pulse interval both current and power in the gap are equal to zero. The goal of the research presented is to build a system capable of automatically finding the rough machining parameters that achieve the optimal power in the gap even in the case of changing the eroding surface size. As stated before, the machining parameters have to be tuned to the eroding surface size. When the eroding surface size varies during the machining, the machining parameters have to be determined online. Thus, it is necessary to monitor the appropriate process quantities z. The evaluation of the process quantities is a key to gain suitable process attributes x for selection of the optimal rough machining parameters. The process attributes are the inputs into the model for the selection of the optimal rough machining parameters. Inputs of the EDM process are given in Table 1 , whereas output parameters for the same process are the electrical voltage and electrical current signals (Figure 4 ). Based on these signals, the percentage of discharge types is determined by an analyser. The percentage of discharge types servers as input to the model that will be explained.
Preliminary studies done by some of the authors of this paper, showed that voltage and current signals in the gap reflect the power density in the gap (ValentincÏ icÏ , 2003; ValentincÏ icÏ and Junkar, 2004a,b) . A system based on monitoring only the voltage and/or current signal in the gap could be much simpler to build and to implement on the EDM machine compared to the systems presented in the literature.
It was found (ValentincÏ icÏ et al., in press) that the percentage of short-circuit discharges calculated on the voltage and current signals in the gap give enough information to determine the appropriate machining parameters that produce the optimal power density in the gap. Since it satisfactory to monitor only one process attribute, i.e. the percentage of short circuit discharges, the model has only one input and one output. In such a case, the model is simplified into a single rule based on the value of the input.
However, this method can only determine whether the power density in the gap p is greater then the boundary power density p b . Thus, an algorithm is needed to find the optimal set of machining parameters, as explained in the following section. Figure 4 Online selections of the roughing machining parameters of the EDM process
Experimental setup
The experiments were performed on an IT E 200 M-E machine made by IT Elektronika, where hardened steel 210CR12 with hardness HRc 60 was machined by copper electrodes. The algorithm was selected between 24 predefined sets of machining parameters, which are given in Table 1 . Those sets are obtained according to preliminary tests (Blatnik, 2004) . The set of machining parameters that give the lowest power in the gap have the number 1 and the set of machining parameters that obtain the highest power in the gap have the number 24. The open voltage was constant for all sets and was set to 280 V. The jump of the electrode was set to a height of 3 mm and the frequency of jumps was set to 0.2 Hz. The rest of the machining parameters, such as the size of the gap and servo system response time were also constant for all sets. During the machining, the contamination of the gap was reduced to a minimum by thorough flushing of the gap. For this purpose external flushing by fresh dielectric with three single-jet nozzles and a periodical jump of the electrode were applied.
The experiments were performed by the electrode given in Figure 5 . The given shape of the electrode was selected in order to test various changes of the eroding surface size: there are features of conical shapes with varying inclination angles and one cylindrical feature. The depth of machining was 8 mm. This is the depth you wish to gain and which has to be set on the EDM machine. In the first experiment, the set of machining parameters that produce the highest power in the gap, i.e. set No. 24, was used to machine the whole feature. In the second experiment the set of machining parameters that produce the lowest power, i.e. set No. 1, was used to machine the whole feature. These are the reference experiments to compare the performance of the system for online selection of the machining parameters (ValentincÏ icÏ , 2003) .
In the third experiment, the set of machining parameters was determined by the system for online selection, thus the machining parameters were not constant during the machining of the feature.
To evaluate the experiments, the machining time, the difference in the mass of the electrode and the shapes of the electrodes after machining were compared for the three experiments.
The system for online selection of the machining parameters consists of the signal analyser and the algorithm for selection of the machining parameters.
The voltage and the current signals in the gap were acquired by the measuring system presented in Figure 6 with a sample rate of 83.3 kHz. To establish the beginning and endings of the discharges, the signal from the generator was used. The signals were acquired immediately after the jump of the electrode and were stored in data files for further evaluation. The first 300 discharges were neglected to avoid disturbances at the beginning of the machining after the jump was performed. The percentage of short-circuit discharges was calculated on 1000 discharges using software developed for the signal evaluation. The signals were acquired immediately after the jump of the electrode and were stored into data files for further evaluation. First 300 discharges on the signals were neglected to avoid disturbances at the beginning of the machining after the jump was performed. The percentage of shortcircuit discharges (which is the only input to the algorithm) was calculated from 1000 aquired discharges by the software developed with the purpose for the signal evaluation.
Algorithm
The algorithm to obtain the optimal power in the gap based on the percentage of short-circuit discharges has been developed. When the optimal power in the gap is obtained, the best material removal rate at the lowest electrode wear is achieved.
The algorithm works on developing a platform which is relatively slow; one cycle lasts about 30 s. That is why the duration of one cycle of the algorithm is approximately 1 min. When the algorithm is ready for industrial use the time for one cycle will be less than 1 s.
The algorithm works in two modes. In the first mode, the machining parameters that produce lower power in the gap are selected when the percentage of short-circuit discharges is too high. In the second mode, the machining parameters that produce higher power in the gap are selected when the percentage of short-circuit discharges is not significant.
The algorithm (Figure 6 ) works as follows. First, the initial machining parameters are selected from Table 1 by an operator and the machining process starts.
Machining is performed until a stop condition is reached i.e. the required depth of machining is achieved. During machining the percentage of short-circuit discharges D is defined by the analyser. The percentage is calculated for each of the three signals acquired consequently.
Mode 1
If the minimum percentage of short-circuit discharges min D exceeds the critical value D kr , which is an internal parameter of the algorithm, the set of machining parameters with lower power i i À 1 is selected.
Mode 2
If the minimal percentage of short-circuit discharges min D does not exceed the critical value D kr the power in the gap is either optimal or even to small to attain the highest material removal rate. To achieve optimal power in the gap and thus the highest material removal rate, the algorithm selects the set of machining parameters with the higher power i i 1.
When the optimal set of machining parameters is employed, the algorithm selects the set of machining parameters with higher power in the gap, since the percentage of short-circuit discharges is less than D kr , but the new set achieves too high power in the gap. The percentage of short-circuit discharges is more than D kr and immediately the set with lower power in the gap is selected. In the case of a constant eroding surface size, the algorithm would constantly switch the machining process out of the optimal area. Thus, the selection of the machining parameters with the higher power in the gap i i 1 is possible only when min D`Dkr is true in K consequent cycles of the algorithm. The value K and the value D kr were established by testing the algorithm in various conditions. In our case the values were: D kr 0X1 and K 1. Figure 7 shows the percentage of short-circuit discharges in dependence to the selected set of machining parameters, starting with set 10 (note three acquisitions with the same set of machining parameters) where the minimum percentage of short-circuit discharges is zero. Since K 1 the algorithm immediately selects the set No. 11. Since the set No. 11 produces greater power than set 10 and the eroding surface size is constant, short-circuit discharges occur. After three acquisitions, set No. 10 is selected again since min D b D kr . 
Surface integrity
In this section, surface integrity of the white layer produced with and without algorithms when EDM machining will be discussed. In Figure 8 , the white layer on the work piece is shown where the average surface power density was higher than the boundary average surface power density p b . One can see that there is a lot of surface damage with many cracks throughout the raw material. In Figure 9 the white layer is shown when the average surface power density was lower than the boundary average surface power density p b . Here, micro cracks expand only through the white layer so the microstructure of the raw material is not damaged. This picture is taken after the application of the new algorithm. It can be seen that the algorithm not only reduces the relative electrode wear, it also improves the surface integrity of the workpiece. Figure 9 The block scheme of the algorithm
Results and discussion
As shown in Table 2 , there is a big difference in machining time between sets No. 1 and 26. The machining time with set No. 1 is too long to be applied for machining the whole feature. In the case of machining with set No. 24, the roundness at the end of the electrode (figure in Table 2 ) is much bigger than in the case of machining with set No. 1 or when the algorithm was applied. It indicates that set No 24 should not be used to machine the whole feature.
Machining using the algorithm was almost as fast as machining with set No. 24 and the wear of the electrode was almost as good as when machining with set No. 1 ± the algorithm was able to optimise the machining.
Since the analyser and the algorithm are built on the developing platform, the algorithm could not respond fast enough to the changes in the surface. It takes too much time to analyse the acquired signals and thus the selection of the appropriate set of machining parameters was too slow. Since the industrial application will be much faster, the results will be even better. 
Conclusions
According to the results of this study, the following conclusions can be drawn:
*
The percentage of short-circuit discharges significantly determines the situation when the power density in the gap is greater than the boundary power density. Thus, the model is reduced to one simple rule.
The algorithm is needed to enable online selection of the optimal machining parameters in order to obtain optimal power in the gap and thus the highest material removal rate with acceptable electrode wear.
In the future, the algorithm developed will be integrated into the microprocessor and will be used as a module of the machine controller.
